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Trace metal concentrations and Mo isotope ratios were measured at the W. M. Keck Laboratory 
at Arizona State University on a Thermo X-series ICPMS and Thermo Neptune MC-ICPMS, 
respectively. Precision and accuracy of the concentration analyses are <1% and <5%. The latter 
is measured by repeated analyses of a certified USGS rock standard (SDO-1). 
 
Mo isotope ratios were obtained after correction for instrumental mass bias. This was done either 
by external element spiking with Zr and standard-sample bracketing techniques or by doping 
samples with a 
97Mo-
100Mo “double spike”. Quality controls for both techniques are described in 
ref. (24). Both methods produce 
98Mo values with approximately the same reproducibility. The 
USGS rock standard, SDO-1, is measured to 
98Mo = 1.13 ± 0.07‰ (2 s.d., 9 sessions) with the 
double spike method in excellent agreement with the result obtained by Zr-doping: 1.14 ± 
0.14‰, 2 s.d. 65 sessions)(24).  
 
Fe speciation analyses were performed in four steps that define a geochemically highly reactive 
iron pool, Fe(HR), including Fe-carbonate, ferric oxides, magnetite and iron sulfides (45). The 
first three iron species are extracted in a sequence with acetate, dithionite and oxalate, 
respectively, and quantified by atomic adsorption spectroscopy. Accuracy is evaluated by 
simultaneously extracting standard PACS-2, and Fe-carbonate, ferric oxides and magnetite  fall 
within 2 s.d. of the mean (n ≤ 16).  Pyrite is extracted by chromium reduction (46), which 
recovers more than 90% of the inorganic sulfur (47). PACS-2 contained 0.71 ± 0.2 wt% pyrite, 
which is indistinguishable from previous retrieval in our lab: 0.72 ± 0.05 wt% (2 s.d., n = 8 
sessions). The sulfur compounds were trapped in silver nitrate, forming silver sulfide, Ag2S. This 
residue is used to quantify pyrite content, as two moles of Ag2S corresponds to one mole of 
pyritic iron, FeS2. Total Fe concentrations were for most samples obtained by leaching in 6M for 
96 hours (48), and quantified by atomic adsorption spectroscopy. In some samples total Fe was 
also determined by X-ray fluorescence. Precision for all three extractions is high, since one 
measurement can be reproduced five times with standard deviation < 0.01wt%.     
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Total organic carbon (TOC) analyses were performed using a Carlo Erba Instruments CHN EA 
1108 analyser calibrated with the appropriate standards. Carbonate carbon was removed by 
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Figure legends 
 
Figure 1: Bulk 98Mo of sediments deposited in the last 1800 million years under various 
redox conditions: euxinic (), ferruginous (), oxic with sulfide inside sediments () and 
oxic sediments with Mn‐oxides (). Data with Mo EF < 2 or Mo/Mocrust < 2 are dominated 
by detrital material (not shown). Some published data have no local redox constraints (). 
Mildly or intermittently euxinic conditions () are known to fractionate Mo isotopes in the 
modern system, but cannot be distinguished from highly euxinic sediments in the past. The 
blue and green vertical lines mark the Ediacaran emergence of large animals including 
motile bilaterians and the Devonian invasion of vascular land plants, respectively. Typical 
error of the isotope determination is ±0.14‰ (2sd, standard reproducibility). 
 
Figure 2: Model results showing how seawater 98Mo responds to Mo burial into its 
different sinks (model details in Supplementary Information). Contours show range of 
solutions for a given seawater 98Mo which represents modern seawater (2.3‰), early 
Devonian seawater (2.0‰), early Paleozoic seawater (1.4‰), and Mesoproterozoic 
seawater (1.1‰). The black circle represents modern state (Supplementary Table S3). 
 
Figure 3: a) Size maxima of vertebrates is used as a measure of maximal specific metabolic 
rate at a given time (42). b) 98MoSW euxinic samples over the last 800 Ma. Values above the 
dashed line require a substantial oxic Mo sink. c) Mo/TOC of black shales (new data , old 
data , compilation summarized in Supplementary Information). In b) and c) dashed lines 
represent 90% percentiles for the three time periods: 800‐542 Ma, 541‐390 Ma, and 390‐0  2 0
Ma. The Ediacaran emergence of large animals and the Devonian invasion of vascular land 
plants are shown by graded column bars in blue and green, respectively. 
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the manuscript. 
 
The article contains supplementary information online at www.pnas.org/content/suppl/ 
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